Dendrimer-encapsulated Au/Ag alloy nanoparticles (Au/Ag DENs) were covalently attached to a monolayer-functionalized inner surface of glass microreactors. The influence of the bimetallic alloy structure and of the different metal ratios was investigated for the reduction of 4-nitrophenol using NaBH 4 . The Au/Ag-dendrimer nanocomposite with a 1:1 Au/Ag metal ratio showed the highest activity as compared to other metal ratios and to pure Ag and Au. The dendrimer template exerted a stabilizing effect for six consecutive days of use with almost no decrease in conversion. This strategy enables the screening and investigation of a variety of bimetallic nanocatalysts in continuous-flow microreactors.
Introduction
Bimetallic nanoparticles (NPs) are receiving increasing attention because of the advantageous features of combining two or more metals in the same heterocomposite structure, with widespread application in the biomedical, electronic, and catalytic areas [1] . Following the increasing importance of nanotechnology in catalysis [2] , especially in terms of lower environmental impact of chemical reactions [3] , bimetallic particles in the range of a few nanometers are one of the major candidates in heterogeneous catalysis [4] . Due to synergistic effects, both geometric and electronic, the physical and chemical behavior of a bimetallic system is considerably different from the mere combination of the two metal constituents [5] . Therefore, the catalytic activity can be tailored by combining two or more metals in the same nanocomposite structure [6] .
Undoubtedly, the surface properties of heterometallic nanocomposites rely on the morphology, size, and distribution of the nanoparticles. These properties can be altered in case of supported NPs [4b] , despite the tremendous progress achieved in recent years in the synthesis of heterogeneous monometallic species [7] . To overcome this drawback, dendrimers offer the opportunity to synthesize well-defined metallic NPs and to combine the advantages of homogeneous and heterogeneous catalysis [8] . The synthesis of bimetallic dendrimer-encapsulated NPs (DENs) usually follows one of three main approaches: cocomplexation, sequential loading, and partial displacement [9] . Alloy DENs are usually formed via the cocomplexation route, where the two metal salts are added at the same time and upon metal ion-dendrimer complexation, a strong reducing agent (usually NaBH 4 ) yields well-mixed alloy NPs [10] .
Despite the increasing importance of nanocatalysis within continuous-flow microreactors [11] , there are relatively few examples of supported bimetallic nanocatalysts in combination with microfluidic reactors [12] . However, the large surface-to-volume ratio and the improved heat and mixing efficiency ensured by microstructured reactors are expected to be beneficial to fully exploit the synergistic properties of supported bimetallic NPs. The advantages of flow microreactors in chemical synthesis and catalysis are summarized in some recent excellent reviews [13] . Recently, we presented a strategy for the covalent anchoring of poly(amidoamine) (PAMAM) dendrimers within flow microreactors for the preparation of welldefined Pd DENs [14] . The good catalytic performance of these catalysts was demonstrated for C-C cross-coupling reactions [15] .
Herein, DENs covalently attached within flow microreactors were used to investigate the influence of the metal composition on the catalytic activity of Au/Ag alloy nanocomposites. The reduction of 4-nitrophenol represents a benchmark reaction for the study of the catalytic activity of metallic NPs and was chosen as model reaction. The benefits, in terms of screening of the optimal metal composition and the catalytic activity and stability, of the combination of bimetallic DENs and continuous-flow will be clearly demonstrated.
Results and Discussion

Flat Surface and Microreactor Functionalization.
Gold/silver alloy DENs were formed by encapsulation within the generation 4 of PAMAM dendrimers (G4-NH 2 ) following the cocomplexation approach. These DENs were attached to the inner walls of flow microreactors based on a recent procedure developed in our group (Scheme 1) [14] . To this end, the inner surface of a glass microreactor was first modified with a reactive monolayer of (3-aminopropyl)triethoxysilane (APTES) followed by p-phenylene diisothiocyanate (DITC). In this way, the exposed isothiocyanate groups were used for the covalent anchoring of G4-NH 2 dendrimers via formation of thiourea bonds [16] . Different mixtures of HAuCl 4 and AgNO 3 salts with G4-NH 2 dendrimers were prepared, namely, Au/Ag 1:0, 3:1, 1:1, 1:3, and 0:1 [17] , followed by NaBH 4 reduction.
The ultraviolet-visible (UV-vis) spectra of different G4-NH 2 bimetallic nanocomposites were characterized by the presence of only one surface plasmon resonance (SPR) band in the region between 400 and 500 nm, suggesting the formation of alloy NPs ( Figure S1 ). In fact, previous studies have shown that Au/Ag alloys exhibit a single peak in their absorption spectra, the position of which shifts gradually from that of pure Ag at around 400 nm to that of pure Au at around 500 nm [17, 18] . This observation indicates that the NPs are alloys rather than core-shell particles or mixtures of monometallic NPs, in which case, the UV-vis spectrum would show two different peaks corresponding to Ag and Au [18a, 19] . Transmission electron microscopy (TEM) images of a 1:1 Au/Ag alloy NPs sample showed uniform spherical NPs with an average diameter of 3.2 ± 0.8 nm (Figure 1 ). The obtained average size is in agreement with the study of Endo et al. [17] for Au/Ag DEN nanocomposites. While pure gold NPs exhibit a similar size as the bimetallic ones, pure silver NPs have been shown to display a bigger diameter (around 10 nm) [17, 19] . Therefore, the formation of quite monodispersed NPs supports alloy formation [20] . Figure 2a shows a high-resolution TEM (HRTEM) image of the alloy nanoparticles and their electron diffraction patterns. A basal spacing of 2.3 Å was calculated, indicating the (111) lattice plane. This value is almost identical to the one of monometallic Ag and Au, which have similar lattice constants, namely, 4.079 and 4.0765 Å, respectively [21], thus, not allowing a clear distinction between alloy and single metal NPs. Nevertheless, the image shows an excellent atomic alignment within the particle, with no lattice distortion as expected for a homogeneous mixing of Ag and Au. Additionally, energy-dispersive X-ray spectroscopy (EDX) provides powerful information to assess the NP atomic composition. Therefore, several dendrimer-Au/Ag 1:1 nanocomposites were analyzed by EDX. Noteworthy, the values obtained for individual particles match very closely with the feeding atomic composition, the experimental values for Au and Ag being 45.6% and 54.4%, respectively (within a 7% error margin; Figure 2b ).
X-ray photoelectron spectroscopy (XPS) provided additional information about the metal composition. The analysis was performed on a silicon dioxide surface functionalized in the same way as the glass microchannel surface. We were particularly interested in the Au/Ag ratio as related to the feed ratios of the two metal salts. Table 1 summarizes the relationship between Ag 3d and Au 4f peaks for G4-NH 2 (Au x Ag y )-functionalized surfaces, prepared according to the approach depicted in Scheme 1. The results diverge to some extent from the theoretical metal composition. Such behavior may be explained by the presence of nonspecifically bound metal at the outside of the dendrimer template.
The catalyst loading of a G4-NH 2 1:1 Au/Ag-functionalized microreactor was calculated by total reflection X-ray fluorescence (TXRF). In particular, the amount of both metals retained by the dendrimer templates attached to the microreactor surface was measured, namely, 22 ng (0.11 nmol) of Au and 20 ng (0.18 nmol) of Ag. This confirms the equal loading efficiencies of these metals from a 1:1 feed.
2.2. Influence of Metal Ratio on the Catalytic Reduction of 4-Nitrophenol. The reduction of 4-nitrophenol to 4-aminophenol using NaBH 4 was chosen as a model reaction to study the catalytic performance of Au/Ag DEN-functionalized microreactors (Scheme 2). Arguably, the reduction of 4-nitrophenol is one of the most studied reactions for investigating the catalytic activity of metallic NPs and constitutes therefore an optimal benchmark for evaluating the activities of mono-and bimetallic NPs and the efficiencies of their preparation methods [22] . The continuous reaction process was monitored by in-line UV-vis spectroscopy because of the strong absorbance of 4-nitrophenol at 400 nm. The progress of the reaction is characterized by a decrease of the absorbance at 400 nm and a concomitant (small) increase of the absorbance at about 300 nm due to formation of 4-aminophenol ( Figure S2 ) [23] .
Furthermore, the overall reaction rate for this reaction appeared to be pseudo-first order when the reducing agent was used in large excess. Therefore, we conducted a kinetic study with the Au/Ag DENs, having different metal ratios as well as pure Au and Ag. An excess of NaBH 4 was used to achieve pseudo-first order conditions. At the same reaction conditions (NaBH 4 concentration, residence times), only a marginal (<5%) activity was observed in the absence of the catalyst. The kinetic curves shown in Figure 3a represent the activities of the Au/Ag metal ratios employed, namely, 1:0 3:1, 1:1, and 1:3 expressed in terms of nominal Au content (%). For all metal ratios, an induction time of about 15 s could be extrapolated from the kinetic curves. Pure Ag NPs exhibited much longer induction and residence times and their kinetic profile has not been included in Figure 3 . In order to quantify the differences in reactivity, the observed rate constants (k obs ) were extrapolated from the kinetic curves and plotted versus the amount of gold in the heterometallic NPs (Figure 3b) . Strikingly, Au/Ag 1:1 bimetallic nanocomposites gave rise to the highest activity, being remarkably superior to that of other bimetallic feed ratios and to the one of pure gold, which accounts for most of the activity for this reaction.
In fact, as demonstrated by Endo et al. [17] , the Au/Ag ratio of DEN bimetallic NPs influences the reaction rate, in which case, the apparent rate constant appeared to be directly proportional to the gold content. The authors speculated that the enhanced catalytic activity that is observed for core-shell and alloy particles is due to an ensemble effect at the surface atoms, although in their study, the maximum of activity was observed for the Au/Ag 3:1 ratio 75% [17, 24] . The k obs for the G4-NH 2 Au/Ag 1:1-functionalized microreactor was of 0.18 s 27] , lower than in the system presented here.
The improved catalytic efficiency of the Au/Ag DENs, especially in the 1:1 Au/Ag ratio, may be attributed to a combination of electronic and geometric effects (alloy NPs) and the favorable environment of flow microreactors. It is known that, in the case of Au/Ag heterostructures, electrons could transfer from Ag to Au, leading to an increase in the electron density on the surface of the bimetallic heterocomposites [28] . This effect is particularly advantageous for the model reaction under investigation where BH 4 − ions are formed, which in turn interact with the 4-nitrophenol molecule, both adsorbed on the metal surface as demonstrated by the Langmuir-Hinshelwood (LH) model [29] . This aspect was recently confirmed in a study of the reduction of 4-nitrophenol by Ru DENs [30] . It was also demonstrated that, in the presence of various PAMAM-OH carriers, the reduction is not diffusion controlled [30] . However, a slight influence of the dendrimer template was shown by Esumi et al. [31] The rate constant for the reduction of 4-nitrophenol by using dendrimer-stabilized NPs decreased with increasing dendrimer concentration. This is probably due to the coverage of the dendrimer on the metal particle surface, which is avoided with the use of only a single dendrimer layer within the microreactor as in the study presented here.
At last, a continuous-flow investigation was conducted to assess the durability of the catalytic system. Accordingly, a stability study was carried out utilizing the most active catalyst, i.e., the G4-NH 2 Au/Ag 1:1-functionalized microreactor. Satisfyingly, the model reaction could be run for several consecutive days, with only a little decrease of activity upon the 6th day of utilization (Figure 4) . The turnover number (TON) for this investigation was 5050 (considering 4 h of continuous process for each day of use). More importantly, the amount of metal leached out of the microreactor in the course of the reaction was only 2 ng as measured by TXRF (corresponding to less than 5% of the total catalyst amount). Interestingly, only Ag was detected, with no trace of Au in the product solution. This aspect can be ascribed to the stabilizing [32] .
Conclusions
Alloy Au/Ag DENs were covalently attached to the inner walls of glass microreactors functionalized by means of a reactive monolayer. The bimetallic NPs were formed by cocomplexation of the two metal salts using G4 PAMAM dendrimers as template. The reduction of 4-nitrophenol was chosen as model reaction allowing a kinetic study of different Au/Ag metal ratios. Noteworthy, the Au/Ag 1:1 nanocomposite (TOF of 2850 h −1 ) performed indisputably better than the other alloy NPs and pure Au, which is the most active metal for the model reaction. The enhanced activity for the 1:1 Au/Ag nanocomposite may be expressed in terms of synergistic effect, geometric and electronic. Finally, the dendrimer template improves the stability of the bimetallic catalyst, as demonstrated by at least six consecutive days of use and minimal metal leaching (5% of the total catalyst amount).
Bimetallic NPs have not yet been fully explored in flow microreactors, with just a few examples in the literature. We envision the increasing importance of this discipline in catalysis, sensing, and electronics, just to name a few. Mechanistic studies of the influence of the type of metals employed and their interaction in alloy or core-shell nanocomposites are needed to further establish this promising research field.
4. Experimental 4.1. Materials and Equipment. The chemicals and solvents were purchased from Sigma-Aldrich unless otherwise stated and were used without purification unless specified. Single-side-polished silicon wafers were purchased from OKMETIC with (100) orientation. Methanol and ethanol (VWR, analytical reagent grade) were used without further purification. Water was purified with the Milli-Q pulse (Millipore, R = 18.2 MΩ cm) ultrapure water system. Toluene was purified through a solvent purification system dispensing ultradry solvents (MBraun, MB-SPS-800). For X-ray photoelectron spectroscopy (XPS), a Quantera Scanning X-ray Multiprobe instrument was used, equipped with a monochromatic Al Kα X-ray source producing approximately 25 W of X-ray power. XPS-data were collected from a surface area of 1000 × 300 μm 2 with a pass energy of 224 eV and a step energy of 0.8 eV for survey scan and 0.4 for high-resolution scans. For quantitative analysis, high-resolution scans were used. Absorption spectra were recorded on a Perkin Elmer Lambda 850 UV-vis spectrometer. The optical path length was 10 mm, and deionized water was used as reference. On-line UV experiments were carried out using a micro-HPLC flow-through cell (ZEUTEC opto-elektronik, Germany), with a spectral UV-Vis-NIR range of 250-2500 nm, an optical path length of 10 mm, and an internal volume of 2 μL. The flow cell is connected, via 2 optical fibers (SR 600 nm, Ocean optics Inc., The Netherlands), to a miniature deuterium halogen light source (DT-Mini-2-GS, Mikropack GmbH, Germany) and to a high-resolution miniature fiber optic spectrometer (HR4000, Ocean optics Inc., The Netherlands). Transmission electron microscopy (TEM) was performed using a Philips CM300 microscope operating at 300 kV. Samples for imaging were deposited onto a 200 mesh copper grid, and the liquid was allowed to dry in air at room temperature. The nanoparticle dimensions were obtained from TEM images with ImageJ software; for each sample, at least 50 particles were measured. Energy-dispersive X-ray spectroscopy (EDX) was performed by a Noran System Six EDX analyzer Nanotrace detector. Total reflection X-ray fluorescence (TXRF) measurements were carried out on a S2-PICOFOX™ (Bruker AXS, Karlsruhe, Germany) system with a low power X-ray tube by means of a Mo source and an energy-dispersive, 50 Peltier-cooled silicon drift detector (SDD, XFlash™). The software SPECTRA version 6.1.5.0 (Bruker AXS, Karlsruhe, Germany) was used for data evaluation.
4.2. Flow Apparatus. In all microreactor experiments, the sample solutions were mobilized by means of a PHD 22/2000 series syringe pump (Harvard Apparatus, United Kingdom) equipped with 500 μL flat tip syringes (Hamilton). Syringes were connected to fused silica capillaries (100 μm i.d., 362 μm o.d., Polymicro Technologies) by means of Upchurch Nanoport™ assembly parts (i.e., Nano-Tight™ unions and fittings, Upchurch Scientific Inc., USA). During the experiments, the microreactor was placed in a home-built chip holder designed for fitting fused silica fibers into the inlet/outlet chip reservoirs by means of commercially available Upchurch Nanoport™ assembly parts. Glass microreactors with a residual volume of 13 μL (dimensions: 150 μm width and 150 μm depth) were purchased from Micronit Microfluidics.
4 (Caution: piranha solution is a very strong oxidant and reacts violently with many organic materials). The clean surface was functionalized with a monolayer of (3-aminopropyl)triethoxysilane (APTES) and p-phenylene diisothiocyanate (DITC, Acros Organics) following a slightly modified literature procedure. First, the silicon surface was soaked in a 10-mM solution of APTES in dry toluene for 15 h. For functionalization in the device, the same solution was flowed for 15 h at a flow rate of 0.05 μL min . Silicon wafers and microchannels were rinsed with dry toluene and ethanol to remove the unreacted reagent and dried with a stream of nitrogen. Subsequently, the APTES-modified flat surface was reacted with a 50-mM solution of DITC in dry toluene for 5 h. The same solution was flowed within the microreactor for 5 h at 0.05 μL min −1
. Silicon wafers and microchannels were rinsed with dry toluene and ethanol to remove the unreacted reagent and dried with a stream of nitrogen.
4.3.2. Formation and Anchoring of G4-NH2(Au x Ag y ), G4-NH2(Au), and G4-NH2(Ag). A methanolic solution of 150 μM G4-NH 2 was reacted with the APTES-DITC-functionalized silicon surface for 10 h at room temperature. After rinsing with methanol and water, the surface was soaked in different 2 mM aqueous solutions of HAuCl 4 (Acros Organics) and AgNO 3 for 30 min at room temperature. G4-NH 2 -enscapsulated Au/Ag alloy NPs were prepared in the following Au/Ag ratios (in 1 mL of water): 1:1 (1 × 10 −3 mmol of HAuCl 4 and AgNO 3 ), 3:1 (1.5 × 10 −3 mmol of HAuCl 4 and 0.5 × 10 −3 mmol of AgNO 3 ), and 1:3 (0.5 × 10 −3 mmol of HAuCl 4 and 1.5 × 10 −3 mmol of AgNO 3 ). For pure Au and Ag NPs, 2 × 10 −3 mmol of HAuCl 4 and AgNO 3 were added to 1 mL of water, respectively. Afterwards, the reduction of the metallic particles was obtained by reaction with a 20-mM aqueous solution of NaBH 4 (20 min). The same procedure was followed for the microreactor functionalization by flowing the dendrimer, gold and silver salts, and reducing agent solutions at 0.05 μL min −1 for the respective times. 4.4. Continuous-Flow Reduction of 4-Nitrophenol. 4-Nitrophenol (0.1 mM) was mixed with a freshly prepared solution of NaBH 4 (2 mM) in water. This solution was passed through the catalytic microreactors at different flow rates, and the reaction was monitored by in-line UV-vis spectroscopy. The decrease of the 4-nitrophenol absorbance at 400 nm was used to calculate the pseudo-first order rate constants for the different DEN-functionalized microreactors. The turnover frequency (TOF) for the G4-NH 2 1:1 Au/Ag-functionalized microreactor was calculated based on the moles of product per unit time per moles of catalyst within the microreactor volume (13 μL). The moles of catalyst are based on the total amount of metal atoms (0.11 nmol of Au and 0.18 nmol of Ag). The observed rate constant was used in the calculation according to the formula: (k obs * M product * V microreactor )/(mol cat * 3600).
